The phenomenon of plasma parameter bi-stability in an e-beam sustained discharge in Xe has been theoretically studied using a numerical solution of an appropriate Boltzmann equation (BE) for the electron energy distribution function (EEDF) by taking into account electron-electron collisions. The EEDF and electron concentration are calculated self-consistently depending on the production rate of secondary electrons (q) and reduced electric field strength (E/N). Calculations show that ranges of q and E/N exist, where the BE has two different stable solutions. Relevant plasma parameters (effective electron temperature, electron drift velocity, electron current density) are also calculated under bi-stability conditions.
Introduction
During the last few decades, electron kinetics in gas discharge and post-discharge plasma was comprehensively investigated both theoretically and experimentally, and a number of phenomena relating to the non-equilibrium behaviour of the electron energy distribution function (EEDF) in such a plasma were found. The following effects can be mentioned as examples: negative differential electron conductivity in gas mixtures with heavy inert gases [1, 2] and in pure heavy inert gases in the presence of electron-electron (e-e) collisions [3] ; strong coupling between the electron and vibrational temperatures in molecular gas post-discharges [4, 5] ; negative electron mobility under different physical conditions (see first papers [6, 7] and review [8] for more references); unexpectedly large spatial relaxation lengths of plasma parameters in atomic gases [9] .
Plasmas in general are highly non-linear systems. One of the manifestations of this non-linearity is the bi-stability effect, i.e. the appearance of two different stable states. Each of these states can be approached by an appropriate selection of an evolution pathway. At present, a number of publications exist, in which the possibility of bi-stability of low-ionized plasma parameters was discussed [10] [11] [12] [13] [14] [15] [16] [17] [18] . This phenomenon was predicted for the plasma of heavy rare gases with an applied electric field [10] [11] [12] and for Ar : N 2 [13, 14] and pure N 2 [15] [16] [17] afterglow plasmas. Besides, in [18] bi-stability was predicted for positron swarms in He.
The bi-stability in plasma of heavy rare gases with the applied electric field was studied in [10] using the Maxwellian EEDF approach. It was shown, that in a certain range of the reduced electric field strengths the equation for the electron temperature has two stable roots, bi-stability is provided by a specific shape of the momentum transfer cross-section. This effect was then studied in [11] by solving a simplified Boltzmann equation (BE) taking into account e-e collisions. Recently, it was revisited by numerically solving the BE with updated momentum transfer cross-sections [12] . According to [11, 12] , in a certain range of parameters (reduced electric field and ionization degree) the BE has two different stable solutions. The electron number density was treated in these calculations as an independently variable parameter. The range of electric field strengths where the bi-stability effect has been found lies at rather low electric fields (for Xe plasma, for example, around 0.03 Td), when electron impact ionization is negligible. Hence, the physical situation considered in [10] [11] [12] can be realized in decaying plasmas.
In this paper, the possibility of observing the EEDF bi-stability in Xe plasmas under steady state conditions is examined. Steady state conditions can be realized in a nonself-sustained discharge maintained by an external ionization source. For definiteness, a beam of fast electrons is considered as such an ionization source. The physical situation under consideration significantly differs from that discussed in [10] [11] [12] . In e-beam sustained plasmas, the electron number density is found self-consistently. More important is the fact that electrons get energy not only from the electric field but also from the e-beam. Numerical solving of an appropriate BE for the EEDF was employed to calculate the EEDF and electron number density self-consistently. Hence, the results are directly applicable to the experimentally realizable, e-beam sustained discharge.
Statement of the problem
We considered a uniform e-beam sustained Xe plasma in an external electric field. Calculations were performed for a gas temperature T = 300 K and at atmospheric pressure. The value of the reduced electric field E/N (E is the electric field strength and N is the atom number density) was varied in the range 0-0.06 Td. Since the applied electric field is rather low, the ionization of gas by plasma electrons can be neglected. The ionization of gas by the steady state e-beam (including cascade ionization processes) is characterized by the production rate of secondary electrons. For a given gas mixture, this characteristic depends on the e-beam current density and energy of fast electrons. In our studies the source of secondary electrons was considered an independently varying parameter.
Secondary electrons lose their energy in elastic and inelastic collisions and disappear in recombination processes. Under steady state e-beam current densities, a steady concentration of electrons with an appropriate energy spectrum is established in the plasma. If the production rate of secondary electrons is not too high, the mean energy of plasma electrons is much lower than the ionization potential of Xe atoms. To this end, plasma electrons can be characterized by the so-called low-energy part of the distribution function, i.e. the electron energy spectrum in the energy range from 0 to I , where I is the ionization potential. The term EEDF is further used to designate exactly this part of the electron energy spectrum. We consider rather low production rates of secondary electrons (10 14 -10 17 cm −3 s −1 ), and only the low-energy part of the electron energy spectrum is calculated. Besides, we assume that electrons are lost in recombination processes with Xe + 2 ions and that concentrations of electrons and Xe + 2 ions are equal. Since the applied electric field is not too high, the electron distribution function is almost isotropic and the so-called 'twoterm expansion' for the distribution function is applicable. The steady state BE for the symmetrical part of the EEDF in the e-beam sustained Xe discharge can be written as follows:
where n e is the electron concentration, u the electron energy, f (u) the EEDF, the term I E (n e f ) describes the heating of plasma electrons by the electric field, qS(u) is the source of electrons in the energy range 0 u I with a spectrum S(u) and production rate q, reflecting ionization by fast electrons, St(n e f ) is the collision integral. The EEDF is normalized according to
and the energy spectrum of the electrons produced is normalized according to
The collision integral can be expressed in the form
where the terms on the right-hand side of equation (2) ions. The detailed description of the terms I E (n e f ) and St(n e f ) can be found in [19] . An equation for the electron concentration can be derived by integrating equation (1) over energy:
where α r is recombination rate coefficient calculated by solving (1). The momentum transfer cross-section for electron scattering from Xe atoms was taken from [20] . As is well-known, the specific feature of this cross-section is the presence of a deep minimum at low energies, which is known as the Ramsauer minimum. It should also be noted that calculations performed in [20] have shown excellent agreement between experimental and theoretical data on electron transport coefficients in a wide range of E/N parameters. In particular, agreement was demonstrated in the range of low electric fields, which are under consideration.
Cross-sections for the excitation of electronic levels by electron impact were taken from [21] . The energy dependence of the cross-section for electron recombination with Xe + 2 ions was taken to be of the form Au −1 . Such a form provides the following dependence of the recombination rate coefficient on the electron temperature (T e ) α r ∼ T −0.5 e , which is in agreement with theoretical and experimental data [22] . The value of the normalization factor A was fitted to obtain α r = 1.4 × 10 −6 cm −3 s −1 at T e = 300 K [22] . The energy spectrum S(u) can be found by integrating the differential ionization cross-section with a known high-energy (u > I) electron spectrum formed in an e-beam sustained plasma (the so-called degradation spectrum). Thus S(u) was estimated for the Ar plasma [23] , using the degradation spectrum calculated in [24] . The energy spectrum S(u) obtained in [23] can be approximated by a triangle:
where I Ar is the ionization potential of argon atoms. Since we had no opportunity to make similar precise calculations for Xe, S(u) was taken in the form (4), using I Xe instead of I Ar . In order to estimate the influence of the shape of S(u) on the results obtained, additional calculations were made, in which uniform distribution of secondary electrons in the energy range 0 u I was assumed.
Results and discussion

Maxwellian EEDF approach
To get an idea about the origin of the bi-stability in the e-beam sustained discharge in Xe let us first consider a simplified situation when the EEDF is Maxwellian:
Then, the time-dependent equation for the electron temperature can be presented in the following form:
where H represents the sum of Joule heating and e-beam energy deposition in the plasma, and L describes the energy losses of plasma electrons due to elastic, inelastic and nonconservative collisions. For given q and E/N values, the function (T e ) can be easily calculated by multiplying terms on the left-hand side of equation (1) (T e ) turns out to be 0 at three values of the temperature, T 1 < T 2 < T 3 , i.e. there are three steady state solutions to equation (5) . Two solutions, T e = T 1 and T e = T 3 , are stable, since δ /δT e < 0 at these points. This situation holds down to the limit q = 0, hence, the bi-stability effect in the Maxwellian approach is restricted to the case of high electron beam currents.
The detailed examination of H (T e ) and L(T e ) terms has shown that two low-side solutions (T e = T 1 and T e = T 2 ) are coupled with a rapid decrease in the momentum transfer cross-section Q m (u) in the energy interval 0-0.6 eV. The rate of energy losses of electrons in elastic collisions is proportional to Q m (u) while the rate of Joule heating is inversely proportional to Q m (u). The exact interplay between these two terms provides the bi-stability, and the effect takes place only if the energy deposition in the plasma at low T e values is mainly due to Joule heating. Since Joule heating is ∼n e ∼q 0.5 and e-beam energy deposition is ∼q, the bi-stability effect exists at relatively low q values and disappears with increase in q (see curve 3 in figure 1 ).
In reality, the EEDF is not Maxwellian in the whole energy range; therefore, these findings may serve as an indication of the possibility of two stable solutions to the BE in the presence of e-e collisions, since exact e-e collisions lead to Maxwellization of the distribution function. Let us also note that from the mathematical viewpoint two and more solutions of equation (1) figure 2 . For E/N = 0.01 Td as well as for E/N = 0.05 Td a single solution to the BE is obtained (curves 1 and 3 in figure 2 ). In contrast, in the case of E/N = 0.03 Td, two stable solutions exist (curves 2 and 2 in figure 2), which are different. As can be seen from figure 2, at low energies the EEDFs are close to Maxwellian functions. From here on we shall characterize the EEDF by the effective electron temperature T e = 2 3 u m , where u m is the mean electron energy. Calculations showed that the effective temperature T e is approximately equal to the temperature of the low-energy Maxwellian part of the EEDF.
Effective electron temperatures calculated for different q and E/N values are shown in figure 3(a) . Let us look, at first, at results obtained for q = 10 14 cm −3 s −1 (curve 1 in figure 3(a) ). For E/N < 0.034 Td, T e is about 400-500 K and is practically independent of E/N. Then, T e increases slightly as E/N grows from 0.03 to 0.037 Td. When E/N lies in the range between 0.037 and 0.04 Td, the electron temperature increases sharply from 1000 to 3000 K. A further increase in E/N leads to a gradual increase in the electron temperature. A similar situation is observed for q = 10 17 cm −3 s −1 (curve 4 in figure 3(a) ), the sharp increase in T e (from 1300 to 2300 K) takes place in the range of E/N around 0.018 Td. The most remarkable situation is for source intensities 10 17 > q > 10 14 cm −3 s −1 (curves 2 and 3 in figure 3(a) ). In this case, a narrow interval of E/N exists, where two stable solutions to the BE are found. For example, for q = 10 16 cm −3 s −1
(curves 2 in figure 3(a) ) bi-stability is observed in the range 0.032 E/N 0.034 Td, the two calculated T e values differ strongly (about 600 K and 3500 K, respectively). Figures 3(b)-(d) show the calculated electron drift velocity w, plasma electron concentration and electric current density j . Similarly to the effective electron temperature, all these characteristics change by jumps for conditions of EEDF bi-stability. The step in drift velocity is about six-fold. The electron concentration changes to a lesser degree (≈1.6 times); this fact is easily explained, taking into account that n e ∼ α . Talking about observability, variations of the electric current density are of particular interest. Since j ∼ n e w, the current step is almost ten-fold, and can be easily measured by common diagnostics.
It is instructive to compare the power that electrons get from the electric field with the power dissipated by fast electrons of the beam. Figure 4 illustrates how the ratio of these two plasma-electron energy sources depends on E/N and e-beam ionization intensity. While at low electric fields energy deposition from the e-beam is dominant, after the current jump Joule heating becomes more important.
From the practical point of view it is important to evaluate how the gas impurities can modify the bi-stability effect. Nitrogen is the main component in air and one of the most probable admixtures in Xe. Besides, inelastic scattering of electrons on nitrogen molecules is very strong. Therefore, we considered this gas as an admixture to pure Xe to analyse what level of this admixture can disturb and delete the bi-stability effect. Calculations were done by an extension of our model to include a number of processes with nitrogen molecules. The set of cross-sections for the electron scattering from nitrogen molecules was taken to be the same as in [13] . The e-beam ionization rate was taken to be 10 16 cm −3 s −1 . Figure 5 shows that addition of nitrogen indeed diminishes the electron effective temperature for the upper branches of curves rather strongly, while leaving the temperature for lower branches nearly the same. This results in a decrease in the temperature step and to a disappearance of the discontinuity at a nitrogen concentration of about 1%. Evidently, such a level of impurity concentration can be easily controlled experimentally.
There is a qualitative difference between results presented in this section and those predicted by the Maxwellian EEDF approach. For the Maxwellian EEDF the bi-stability takes place for all q values in the interval 0 q < q * . In contrast, the BE analysis shows that the effect exists in the interval 0 < q 1 < q < q 2 , i.e. for q < q 1 the bi-stability is absent. Obviously, it is explained by the fact that at low q, and hence low electron concentrations, e-e collisions (which are responsible for the bi-stability effect) play a minor role in EEDF formation. The upper boundaries of the q region where bi-stability exists are also different-the BE analysis gives a higher boundary value than the Maxwellian EEDF approach.
Additional remarks
As described earlier, the spectrum of the electron source was taken to be in the form of triangle. To estimate the influence of the shape of S(u) on the results, additional calculations were carried out, in which a uniform distribution of source electrons in the energy range 0 u I was assumed. It was found that such a variation of the shape of S(u) leads to very small changes in calculated plasma parameters.
Till this moment processes with excited xenon atoms Xe *
were not taken into account. The influence of Xe * on plasma electron kinetics is mainly due to (a) heating of electrons in second kind collisions Xe * + e → Xe + e; (6)- (8) have no influence on the EEDF formation. Additional tests, when processes (6)- (8) were incorporated in the BE analysis (Xe * concentration was considered as an independent parameter), confirmed the conclusion arrived at above.
As was already mentioned, the production rate of secondary electrons in the gas is determined by parameters of the fast electron beam. The magnitude of q was estimated using semi-empirical formulae presented in [27] . According to our evaluation, the production rate of secondary electrons q = 10 16 cm −3 s −1 is provided by the e-beam current density j b ≈ 2 µA cm −2 . In these evaluations, the initial energy of beam electrons was taken to be 300 keV and it was supposed that a 10 µm aluminium foil is used in the electron gun. The fast electron beam with such characteristics can be easily realized.
The theoretical results presented above have clearly defined conditions for the existence of bi-stability: e-beam sustained discharge in Xe (P = 760 Torr, T = 300 K, j b ≈ 2 µA cm −2 , E/N ≈ 0.03 Td). These conditions can be easily realized in an experiment. A possible experimental study is to measure the ampere-volt, I (V ), discharge characteristics. The magnitudes of the voltage applied across the discharge gap should be chosen in such a way as to provide the variations of the electric field strength in the range 0-0.06 Td. In the case of bi-stability, the I (V ) function will exhibit a stepwise change at some V value. Another approach is to study the effects caused by the transition between two states. For example, if an alternating voltage of appropriate amplitude and frequency is applied across the discharge gap, the discharge current behaviour on the ascending and descending parts of voltage waveform is different.
The range of E/N and q values, where bi-stability takes place was calculated for a prescribed gas number density (which is determined by gas pressure and gas temperature). It can be easily shown that the results obtained are universal in terms of the following two parameters: E/N and q/N 2 . For the given energy of beam electrons, the latter parameter is rewritten as j b /N . Using these parameters one can recalculate the E and q values required for the observation of the bi-stability effect for the chosen gas pressure and gas temperature.
As was already mentioned, the bi-stability effect in Xe plasma is provided by a specific shape (rapid decrease in the energy interval from 0 to 0.6 eV) of the momentum transfer cross-section. Momentum transfer cross-sections for Ar and Kr have similar peculiarities, therefore, bi-stability effect in these gases under steady state conditions can also be expected. Our preliminary calculations justify this conclusion.
Conclusion
The EEDF and the corresponding plasma parameters in the e-beam sustained discharge in Xe were studied theoretically by numerically solving the appropriate BE for the EEDF, taking into account e-e collisions. For a given production rate of secondary electrons and reduced electric field strength, the EEDF and electron concentration were calculated in a selfconsistent manner, assuming that the electron concentration is controlled by dissociative recombination with Xe + 2 ions. It was found that in a certain range of q and E/N values two different stable plasma states exist, both satisfying the BE. These two states are characterized by different magnitudes of plasma parameters such as mean electron temperature, drift velocity and electron number density. It was shown that under conditions of the bi-stability effect, the difference between two values of electron current density is rather large and can be easily measured in experiments. The sensitivity of the bi-stability effect to the addition of nitrogen admixture in Xe was studied, and it was found that the effect exists for up to 1% of nitrogen admixture. It was also found that under the conditions considered the role of excited Xe atoms in EEDF formation is negligible. Finally, it was shown that for Xe at atmospheric pressure and gas temperature T = 300 K, an electron beam current density of about 2 µA cm −2 (assuming that the energy of beam electrons is 300 keV and a 10 µm aluminium foil is used in the electron gun) provides conditions for which bi-stability can be expected.
